The hydrothermal (HT) conversion has been proposed to produce nitrogen, chlorine free solid biofuel 13 or liquid fertilizer from high moisture and nitrogen content bio-wastes, such as municipal solid waste (MSW), 14 mycelial waste, sewage sludge and paper sludge. However, the energy and economic efficiency of this process 15 has not been fully investigated yet. This work focuses on energy recycling from sewage sludge by producing 16 solid biofuel with HT carbonization, in order to optimize the operating parameters and evaluate the energy 17 efficiency of this fuel production process. The effect of the HT temperature and holding time on the biofuel 18 recovering ratio, calorific value and energy recovery rate was investigated. This evaluation fully considered the 19 effect of the HT conditions, mechanical dewatering, thermal drying, and biofuel recovery ratio. Moreover, the 20 energy consumption of sludge thermal drying was introduced to illustrate the economic efficiency of the HT 21 biofuel production process more intuitively. The results show that the HT biofuel production process was more 22 cost-effective than the conventional thermal drying. The HT temperature was the most important parameter to 23 affect the biofuel properties. The carbon content of solid biofuel kept increasing both with HT temperature and 24 holding time, resulting in an increase in the calorific value of biofuel; whereas, the biofuel recovering ratio α, 25 defined as the mass ratio of solid biofuel to raw sludge, also dropped causing a reduction in the energy recovery 26 rate. After the HT temperature was above 200 °C, the energy recovery rate was around 40%. A moderate 27 condition-HT temperature of 200 °C and holding time of 30 min was suggested to produce solid biofuel from 28 © 2013. This manuscript version is made available under the Elsevier user license http://www.elsevier.com/open-access/userlicense/1.0/ 2 sewage sludge with an energy recovery rate of 50%. Practically, it is better to improve the intensity of 29 mechanical dewatering to remove more water from the HT products in order to improve thermal efficiency.
of heat and pressure to treat biomass in an aqueous medium, was verified as an effective way to densify the Fig.1 shows a diagram of the HT solid biofuel production process and an elementary diagram of the into a glass tube with a volume of 500 mL. Subsequently, the glass tube was put into the reactor, which was 92 heated by an electronic heat jacket. After that, the reactor was sealed and the argon with a purity of 99.999% 93 was supplied from a cylinder to the reactor in order to create an oxygen free circumstance. The reactor was then 94 heated up to the target temperature and kept constant for a predetermined period. In this study, the HT 95 temperature and holding time ranged from 180 to 240 °C and from 15 to 45 minutes, respectively. During the 96 reaction, the mixer was kept stirring with its direction switching every 5 minutes to ensure the uniformity of 97 reaction temperature in the samples. After finishing the reaction, the heater was turned off and the residual steam 98 was discharged and cooled down with a water condenser. When the pressure and temperature fell down to the 99 atmospheric and room temperature, the products were taken out from the glass tube and then kept in a bottle for 100 further use. The condensed liquid was collected and mixed with the products from the glass tube. Each condition 101 was repeated at least 3 times as the same procedure and the final products were mixed to reduce the 102 experimental error. To calculate the recovery rate α of the solid fuel, about 60 g (dividing into three group) of the pre-mixed 105 products was directly dried in an oven at 105 °C. And another 140 g was taken out to conduct the mechanical 106 dewatering in order to evaluate the water removal efficiency of sludge. An elementary diagram of the 107 dewatering device was also shown in Fig.1 (details about this device can be found in Zhao et al., [1] ). Differing 108 from the previous one [1] , the dewatering pressure and time were 0.6 MPa and 12 minutes respectively. During
5
The variation of the dry basis moisture content (d.b. kg/kg), which represents the amount of water contained in 1 kg dry solid, was used to characterize the water removal ability. This value can be easily solved according 
The energy output E HT,out after HT can be estimate as:
The energy consumption of mechanical dewatering was derived from a 24 t/d pilot scale plant, which has 141 been continually operated for 2 years. 
155
This could be explained by that the volatile dissolution but not the SS carbonization played the most important 156 role resulting in HV decrease. After lengthening the holding time, the SS carbonization became more and more 157 important, the HV of the fuels were then improved by the HT conversion. The HV was increased with both the 158 HT temperature and holding time. However, the energetic retention efficiency was decreased because of the 159 reduction of biofuel yields, which were decreased both with increasing the HT temperature and holding time.
160
Moreover, high HT temperature and long holding time means high energy consumption in HT conversion.
161
Therefore, the process optimization should consider the energy efficiency of each separated process, including 162 the HT conversion, mechanically dewatering, and thermal drying, in order to maximize the energy recovery rate.
163 Table 1 the ultimate and proximate analysis of the samples 
221
All these data show that most of the liquid could be removed by combining the HT pretreatment with 222 mechanical dewatering prior to thermal drying. After the HT pretreatment and dewatering, the wet basis HV of 223 the products was largely improved to achieve the self-sustaining combustion.
224 Table 2 Evaluation of mass balance of solid biofuel production by HT 52.4% could be utilized to run the fuel production process, including the HT treatment, mechanical dewatering 231 (press filter) and thermal drying (forced evaporation). Moreover, it is noteworthy to mention that this calculation 232 assumed that the water residing in the solid after mechanical dewatering was removed by forced evaporation 233 and the reactor was preheated every time. However, the reactor was required pretreating only once in a sequence 234 operating process. Besides, the residing water was typically removed to around 20% by natural drying, which 235 has been demonstrated to be improved by the HT pretreatment [37-39]. Therefore, the energy consumption 236 could be reduced in practical so that more energy could be recycled. As indicated in Table 3 , about 59.6% of the 237 energy generated from the biofuel combustion could be recycled when ignoring the reactor preheating process. water under a certain pressure. About 47.6% of the heat generated from the biofuel combustion could be 246 recovered. This result indicates that the biofuel production from the high moist SS by employing the HT 247 treatment was not only feasible in the view of technique, but also cost effective in terms of energy efficiency. In 248 a similar process employing the steam explosion to produce solid biofuel from SS and leaves, Zhao et al. [1] 249 reported that the energy consumption of the thermal pretreatment was only about 22% of that of consumed in 250 the conventional thermal drying, which was consistent with that reported by Namioka et al [17] .
251 Table 3 shows the energy consumption and recovery under various operating conditions. After the HT 252 temperature was above 200 °C, the energy recovery rate was around 40%. If not taking the reactor preheating 253 into account, the energy recovery rate was close to 60%. Before the temperature reaching 240 °C, it kept 254 increasing with the HT temperature and holding time. The thermal drying process is the most energy-intensive 255 one during the biofuel production, accounting for about 70% of the total energy consumption. Thus, one of the 256 efficient ways to save energy was to improve the intensity of mechanical dewatering to remove more water from
257
HT products. The other one is to lengthen the dewatering time. Practically, the pressure for press filter and time 10 could be further reduced in practical. Considering the energy consumption of HT treatment, about half of the 261 energy was consumed in the reactor preheating. Therefore, it would be better to shorten the interval between two 262 batches to save energy. Table 1 the ultimate and proximate analysis of the samples Table 2 Evaluation of mass balance of solid fuel production by HT 
